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(54) High resolution phase edge lithography without the need for a trim mask 



(57) A process of phase edge lithography is em- 
ployed in the manufacture of very large scale integrated 
(VLSI) chips in which chrome images are biased on a 
phase edge of a phase shift mask (PSM) and the mask 
overexposed to compensate for the positive bias. This 
overexposure eliminates any residual images from the 
phase edge mask with minimum impact to the desired 
images. According to this process first a phase edge 
PSM is provided with chrome images on the mask biased 
by two design grids (30). The resist is overexposed (31 ) 
using this mask to compensate for the positive bias of 
the mask. Preferably, the overexposure is at least 
10-15%. The resulting overexposure eliminates any re- 
sidual images produced by the phase edge mask with 
minimum impact to the desired images. Finally, the resist 
is processed in the conventional manner (32) to yield an 
exposure pattern of improved resolution and process lat- 
itude. This simple process results in a trim-less phase 
edge process that takes advantage of the improved res- 
olution and process latitude of phase edge PSMs while 
avoiding layout impacts caused by a trim mask or other 
phase edge elimination methods. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention generally relates to lithogra- 
phy in very large scale integrated (VLSI) chip manufac- 
turing and. more particularly, to an improved phase shift- 
ed mask (PSM) lithography that enhances the litho- 
graphic window and improves resolution with a simpler 
and cheaper process. 

Description of the Prior Art 

Avery large scale integrated (VLSI) complimentary 
metal oxide semiconductor (CMOS) chip is manufac- 
tured on a silicon wafer by a sequence of material addi- 
tions (i.e., low pressure chemical vapor depositions, 
sputtering operations, etc.), material removals (i.a, wet 
etches, reacfrye ion etches, etc.). and material modifica- 
tions (i.e., oxidations, ion implants, etc.). These physical 
and chemical operations interact with the entire wafer. 
For example, if a wafer is placed into an acid bath, the 
entire surface of the wafer will be etched away. In order 
to build very small electrically active devices on the wa- 
fer, the impact of these operations has to be confined to 
small, well defined regions. 

Lithography in the context of VLSI manufacturing of 
CMOS devices is the process of patterning openings in 
photosensitive polymers (sometimes referred to as pho- 
toresists or resists) which define small areas in which the 
silicon base material is modified by a specific operation 
in a sequence of processing steps. The manufacturing 
. of CMOS chips involves the repeated patterning of pfx> ' 
toresist. followed by an etch, implant, deposition, or other 
operation, and ending in the removal of the expended 
photoresist to make way for a new resist to be applied 
for another iteration of this process sequence. 

The basic lithography system consists of a light 
source, a stencil or photomask containing the pattern to 
- be transferred to the wafer, a collection of lenses, and a 
means for aligning existing patterns on the wafer with 
patterns on the mask. Since a wafer containing from fifty 
to one hundred chips is patterned in steps of one to four 
chips at a time, these lithography tools are commonly 
referred to as steppers. The resolution of an optical pro- 
jection system, such as a lithography stepper, is limited 
by the wavelength of the light used. State of the art step- 
pers operate with deep ultra violet (DUV) light at 248 na- 
nometer (nm) wavelength. 

The photomask consists of chromium patterns on a 
quartz plate, allowing light to pass wherever the chromi- 
um is removed from the mask. The DUV light is projected 
through the mask onto the photoresist coated wafer, ex- 
posing the resist wherev r hole patterns ar placed on 
the mask. Exposing the resist to DUV light causes mod- 
ifications in the molecular structure of the resist polymers 



which allows develop r to dissolve and remove the resist 
in the exposed areas. (Negative resist systems allow 
only unexposed resist to be developed away.) The pho- 
tomask, when illuminated, can be pictured as an array 

5 of individual, infinitely small light sources which can be 
either turned on (points in clear areas) or turned off 
(points covered by chrome). If the amplitude of the elec- 
tric field vector which describes the light radiated by 
the.se individual light sources is mapped across a cross 

to section of the mask, a step function will be -plotted re- 
flecting the two possible states that each point on the 
mask can be found in (light on, light off). 

These conventional photomasks are commonly re- 
ferred to as chrome on glass (COG) binary masks, due 

is to the binary nature of the image amplitude. The perfectly 
square step function exists only in the theoretical limit of 
the exact mask plane. At any distance away from the 
mask, such as in the wafer plane, diffraction effects will 
cause images to exhibit a .finite image slope. At small 

20 dimensions, that is, when the size and spacing of the im- 
ages to be printed are small relative to the X/NA (NA be- 
ing the numerical aperture of the exposure system), elec- 
tric field vectors of adjacent images will interact and add 
constructively. The resulting light intensity curve be- 

25 tween the features is not completely dark, but exhibits 
significant amounts of light intensity created by the inter- 
action of adjacent features. The resolution of an expo- 
sure system is limited by the contrast of the projected 
image, that is the intensity difference between adjacent 

30 light and dark features. An increase in the light intensity 
in nominally dark regions will eventually cause adjacent 
features to print as one combined structure rather than 
discrete images. 

The quality with which small images can be replicat- 
es ed in lithography depends largely on the available proc- 
ess latitude: that is, the amount of allowable dose and 
focus variation that still results in correct image size. 
Phase shifted mask (PSM) lithography improves the lith- 
ographic process latitude by introducing a third parame- 

■w teronthemask. The electric field vector defining the aer- 
ial image, like any vector quantity, has a magnitude and 
direction (expressed as the phase angle). PSMs capital- 
ize on this vector property by modifying not only the mag- 
nitude of the transmitted electric field vector by blocking 

*s the light's path with chromium patters, but also the phase 
angle of the transmitted light at any transparent point on 
the mask. This phase variation is achieved in PSMs by 
modifying the length that a light beam travels through the 
mask material. By recessing the mask by the appropriate 

SO depth, light traversing the narrower portion of the mask 
and tight traversing the wider portion of the mask will be 
180° out of phase: that is. their electric field vectors will 
be of equal magnitude but point in exactly opposite di- 
rections so that any interaction between these light 

ss beams results in perfect cancellation. For more informa- 
tion on PSM. the reader is referred to "Phase-Shifting 
Mask Stategies: Isolated Dark Lines". Marc D. Leven- 
son. Microlithography World. March/April Ig92,pp.6-12. 
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The limits of PSM lithography can be uniquely chal- 
lenged by the manufacture of high-performance ad- 
vanced Dynamic Random Access Memory (DRAM) 
technologies and related logic circuitry. These technolo- 
gies are entering development cycles with immediate re- 
quirements for sub-quarter micron printed gate lengths 
and tight dimensional control on the gate structures 
across large chip areas. Since these logic technologies 
are based on shrinking the gate length in an established 
DRAM technology, the overall layout pitch remains con- 
stant for all critical mask levels, resulting in narrow iso- 
lated lines on the scaled gate level. The requirement for 
tight line width control on narrow isolated lines drives the 
requirement of phase edge PSMs for these logic appli- 
cations. 

Phase edge PSM lithography makes use of contrast 
enhancement caused by a phase transition under an 
opaque feature on a mask. This phase transition is 
achieved by etching an appropriate depth into the quartz 
mask substrate on one side of a narrow line structure on 
the mask. Not all narrow line structures on the mask 
close upon themselves, some edges of the etched region 
will terminate in bare quartz regions. Since the 180° 
phase transition forces a minimum in the image intensity, 
narrow dark lines will be printed by these excess phase 
edges. Currently, the unwanted images are erased using 
a trim mask. 

The three major problems associated with phase 
edge lithography are design complexity, defect inspec- 
tion and repair, and layout impacts driven by the required 
trim mask. While the design. complexity and defect is- 
sues are common to most phase shifted mask technol- 
ogies, the requirement for a trim mask and the associat- 
ed layout constraints are unique to phase edge and al- 
ternating phase shifted masks. The fundamental prob- 
lem with phase edge PSM, and a reason why many are 
not even considering this powerful technique, is the trade 
off between process latitude and integration density that 
has to be made due to the trim mask approach. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
provide an enhancement of lithographic window and res- 
olution with a simple inexpensive process. 

It is another object of the invention to enable more 
compact chip designs with a degree of resolution en- 
hancement than was previously known before. 

According to the invention, there is provided a proc- 
ess of phase edge lithography in which chrome images 
are biased on a phase edge PSM and the mask overex- 
posed to compensate for the positive bias. This overex- 
posure eliminates any residual images from the phase 
edge mask with minimum impact to the desired images. 
This simple process results in a trim-less phase edge 
process that takes advantage of the improved r solution 
and process latitude of phase edge PSMs while avoiding 
layout impacts caused by a trim mask or other phase 



edge elimination methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

s The foregoing and other objects, aspects and ad- 
vantages will be better understood from the following de- 
tailed description of a preferred embodiment of the in- 
vention with reference to the drawings, in which: 

w Figure 1 is a top down view of a generalized horse 
shoe pattern illustrating the 180° phase transition 
across the isolated dark lines: 

Figure 2 is a graph showing the cancellation of elec- 
ts trie field vectors forcing minimums in the aerial 
image intensity; 

Figure 3 is across-sectional view of the mask show- 
ing the etching of the quartz adjacent chrome lines: 

20 

Figure 4 is a top view of the layout of the mask show- 
ing the chrome lines, the phase shift area and the 
trim mask: 

25 Figure 5 is a plan view of a standard six gate field 
effect transistor (FET) static random access mem- 
ory (SRAM); 

Figure 6 is a plan view of the FET SRAM with added 
30 phase edge design: 

Figure 7 is a plan view of the FET SRAM with added 
trim mask design: 

3S Figure 8 is a graph comparing lithography tech- 
niques; 

Figure 9 is a graph of scanning electron microscope 
(SEM) data from resist images; 

40 

Figure 10 is a graph of data on the depth of focus of 
200 nm resist lines: and 

Figure 11 is a flow chart of the steps of the phase 
45 edge lithograph technique according to the present 
invention. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT OF THE INVENTION 

50 

Phase edge PSM enhances the lithographic proc- 
ess latitude of isolated dark lines by forcing a minimum 
of the aerial image intensity by canceling the electric field 
vectors though a 1 80° phase transition across these f ea- 
55 tures as shown in Figures 1 and 2. Figure 1 is a top down 
view showing 1 80° phase transition across isolated dark 
fines 10 forming a generalized "horse shoe" pattern. On 
Ihe outside of these lines, the electric field vector has a 
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phase angle of 0° . whereas within th region 1 1 bounded 
by the lines 10, the electric field phase angle is 180°. 
Figure 2 illustrates how cancellation of opposing electric 
field vectors forces a minimum in the aerial image inten- 
sity. Currently, this phase transition is accomplished by 
etching polygons into the quartz substrate 12 adjacent 
to every critical dimension line 1 0 as illustrated in the 
cross-section view of Figure 3. The depth of the etch is 
a function of a half wavelength (X) of the light inside the 
mask material relative to in the ambient air. 

Two mask patterning operations are necessary to 
define the mask images for phase edge PSM. The first 
processing steps form all the chrome regions on the 
mask, as in the standard COG masks. The second 
processing sequence defines the phase regions of the 
mask in a self-aligned quartz etch process. As depicted 
in this simple "horse shoe" design, it is impossible to 
place the edges of all phase defining regions over exist- 
ing chrome edges, resulting in residual. phase edges on 
the mask. Since the 180° phase transition forces a min- 
imum in the aerial image intensity, narrow dark lines will 
be printed by these excess phase edges not bounded by 
a chrome line. In the case of this simple "horse shoe" 
pattern, a narrow dark line will be formed at the opening 
of the pattern. In the current process, electrical device 
failure by these residual lines is prevented by erasing (or 
trimmsng) the unwanted images with a second exposure 
into the not yet developed resist patterned by the primary 
phase edge PSM. This trim mask procedure requires the 
design of trim patterns 13 over all excess phase edges 
as shown in Figure 4. 

Such trim patterns or masks complicate the design 
process and limit the miniaturization of components. To 
further illustrate the problem, the design process for 
phase edge PSMs is outlined for the example of the gate 
level of a standard six FET static random access memory . 
(SRAM) in Figures 5 to 7. The gate level 21 overlaps the 
active area 22 (i.e. , source or drain). All narrow gate and 
wiring structures need to have a phase transition asso- 
ciated with them, so that all narrow chrome lines need to 
be bordered by an unetched region on one side and an 
. etched region on the other. As shown in Figure 6,.this 
leads to the design of rectangular etch areas 23 that 
overlay the narrow line structures. In Figure 6, a phase 
edge design 23 is added to :he narrow gate and wiring 
structures. Since not ail narrow lines close on them- 
selves, some sides of the rectangular etch areas will fall 
on bare quartz regions where the phase transition will 
print a narrow line on the wafer. This narrow line has to 
be erased by a second exposure with a trim mask 24 as 
shown in Figure 7. In Figure 7, trim mask designs 24 are 
added to erase unwanted narrow lines left by the expo- 
sure of the residual phase edge. The erasure can be im- 
plemented on the mask or with a second exposure into 
the undeveloped resist after the gate and phase edge 
exposure. While oth r proposals have been made to 
eliminate the narrow line printed by the phase edge, to 
date only the trim mask approach seems feasible. 



(t is becoming clear that phase edge lithography can 
deliver the required process latitude at the desired image 
sizes. Figure 8. a graph of simulation data comparing 
various lithography techniques based on depth of focus 

5 at decreasing image size, shows that in the sub 250 nm 
regime, assuming a required depth of focus of at least 
1 .0 micrometer (fim). only phase edge phase shifted li- 
thography looks encouraging. In Figure 9, scanning elec- 
tron microscope (SEM) data of resist images from 200 

10 nm isolated gate structures printed with phase edge 
(+Cr) mask is shown. Excellent depth of focus is ob- 
tained for 200 nm line widths. Although not shown, very 
good image size linearity was achieved in the 100 nm to 
300 nm range. 

is Recent work with a C MOS device phase edge mask 
showed that the phase edge image is extremely sensi- 
tive to overexposure. 

A focus exposure matrix, as shown in Figure 10 by 
the dashed line, yielded a best dose of 20 mJ/cm 2 at a 

20 0.3 jam focus offset. Under th ese conditions the residual 
phase edge printed as a wavy yet solid line. At 23 Mj/cm 2 
onfy small pieces of the phase edge image are (eft on 
the wafer, while at 26 rnJ/cm 2 no trace of the phase edge 
image in clear areas can be found except for unavoidable 

25 appendages at the phase edge transition line from 
opaque to clear areas. At 23 m J/cm 2 a 3 mJ/cm 2 over- 
dose, no degradation of process latitude is observed for 
200 nm lines in resist, as shown by the solid line of Figure 
10. As can be seen in Figure 10, the depth of focus of 

30 200 nm resist lines is maintained at 3 rai overexposure. 
To take advantage of the disproportionately smaller 
printing of the residual phase edges, attributed to en- 
hanced acid diffusion in the higher contrast phase imag- 
es, chrome mask images should be oversized by 50 nm 

35 . (2 grid points on a 25 nm design grid) and then printed 
at a higher than nominal exposure dose to return the fea- 
tures to their intended sizes. Since the width of the image 
projected by the residual phase edge is independent of 
the width of the chrome images, these unwanted fea- 

40 tures will feel the effect of the feature size reduction 
caused by the overexposure without the compensating 
effect of the mask bias, resulting in complete erasure. 
Thereby the overexposure eliminates any residual imag- 
es produced by the phase edge mask with minimum im- 

45 pact to the desired images. This simple process results 
in a trim-less phase edge process that takes advantage 
of the improved resolution and process latitude of phase 
edge PSMs. as shown by the dashed line in Figure 10, 
while avoiding layout impacts caused by a trim mask or 

so other phase edge elimination methods. 

in Figure 11, a flow chart is shown to illustrate the 
steps-in the practice of the invention. First, a phase edge 
PSM is provided with chrome images on the mask biased 
by two design grids in step 30. The resist is overexposed 

55 in step 31 using this mask to compensate for the positive 
bias of the mask. Preferably, the overexposure is at least 
10-15%. The resulting overexposure eliminates any re- 
sidual images produced by the phase edge mask with 
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minimum impact to the desired images. Finally, the resist 
is processed in the conventional manner in step 32 to 
yield an exposure pattern of improved resolution and 
process latitude. 



Claims 

1. A method of high resolution phase edge trim-less 
lithography comprising the steps of: to 
providing a phase edge phase shift mask(PSM) with 
chrome images on the mask biased a predeter- 
mined amount; 

overexposing a resist using the mask to compensate 
for the positive bias of the mask thereby eliminating T5 
any residual images produced by the mask with min- 
imum impact to desired images: and 
processing the exposed resist in a conventional 
manner to yield an exposure pattern of improved 
resolution and process latitude. so 

2. The process according to claim 1 wherein the 
chrome images on the mask are oversized by a pre- 
determined amount, the step of overexposing 
returning features of the images to intended sizes 25 

3. The process according to claim 2 wherein the 
chrome images are biased by two design grids. 

4. The process according to claim 3 wherein the bias* 30 
ing of the chrome images on the mask is 50 nm. 

5. The process according to claim 2 wherein the over- 
exposure is at least 10-15%. 

35 

6. The process according to claim 5 wherein the over- 
exposure is at least 3 mJ/cm 2 . 
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